Detection and characterization of the presence of chemical agent aerosols in various complex atmospheric environments is an essential defense mission. Raman spectroscopy has the ability to identify chemical molecules, but there are limited numbers of photons detectable from single airborne aerosol particles as they are flowing through a detection system. In this paper, we report on a single-particle Raman spectrometer system that can measure strong spontaneous, stimulated, and resonance Raman spectral peaks from a single laser-trapped chemical aerosol particle, such as a droplet of the VX nerve agent chemical simulant diethyl phthalate. Using this system, time-resolved Raman spectra and elastic scattered intensities were recorded to monitor the chemical properties and size variation of the trapped particle. Such a system supplies a new approach for the detection and characterization of single airborne chemical aerosol particles.
INTRODUCTION
Despite considerable efforts vowing to prevent the development, production, stockpiling, and the use of chemical weapons [1] , the recent surge in the number of deadly attacks carried out by terrorists has increased the sense of threat and fear among the public, leading to an urgent need for more efficient methods of rapid detection and characterization of various chemical agents [2, 3] . For obvious safety-related reasons, most of the preliminary experimental studies are conducted over a wide range of chemical simulant bulks, rather than handling them in aerosol format, nor highly hazardous and lethal compounds [2, 3] . While these chemicals can be studied by other analytical means, our particular goal is to spectroscopically interrogate chemical agents and their simulants as aerosols. In this work, we propose and develop a novel method, and utilize it to characterize diethyl phthalate (diethyl 1,2-benzene dicarboxylate, DEPh), a safe chemical simulant of the lethal VX nerve agent [4, 5] . The method is realized by recording a series of time-resolved Raman spectra and scattering intensities of a single optically trapped microdroplet, and also obtaining them from a series of single optically trapped microdroplets in air.
Since the introduction of single-particle manipulation by electrodynamic balances in 1953 [6] , followed by optical levitation in the 1970's [7, 8] , and vibrating orifice aerosol generators (VOAG) [9] in 1973, there have been tremendous efforts in the development of aerosol science and applications [10, 11] . Within the aerosol study, most of the measurements of Raman spectra were accumulated from a series of continuously flowing through microdroplets, trapped or levitated single particles, or particles deposited on a substrate. The unique property of VOAG of producing identical airborne droplets enabled Raman spectra to be captured from a series of identical particles. Optical trapping of a microparticle in air is more challenging than in liquid because of the drag force in air and the larger optical scattering force due to the higher refractive index contrast in air. As a result, there have been quite a lot of pioneering studies of Raman spectra from single airborne particles [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , but limited for the detection and characterization from single chemical agent aerosols.
In the past, most single-laser optical trapping techniques were only designed to trap either absorbing particles (via photophoretic forces) [19, 23] or nonabsorbing particles (via radiative pressure forces) [24, 25] . Our laboratory has successfully developed an efficient technique to trap either type of particles using relatively low numerical aperture (NA 0.55) optics in the air without using a large NA > 1.0 microscopic objective, e.g., [26] . As particles can be trapped a centimeter away from any optical surface in this new technique, it greatly reduces the possibility of contamination for optical components and can be easily integrated to a wide range of characterization techniques, scrutinizing physical properties (size, evaporation rate, refractive index, and temperature) or chemical properties (composition, photochemistry, reactivity, and ionic strength). Combination of single-particle trapping with various spectroscopic characterization methods has proven to be an invaluable tool in ascertaining crucial information about the particle. For instance, depending on the vibrations within a molecule, Raman spectroscopy provides a substantial insight on the chemical composition of the particle as well as studies on phase and size transitions, liquid-gas interactions, thermodynamic behavior, and the kinetics of mass transfer in airborne droplets [12] [13] [14] [15] [16] [17] [18] .
For more than a century, the Lorenz-Mie theory (LMT) [27, 28] has been at the core of interpreting light scattering from dielectric spherical particles and associated properties [29, 30] . LMT predicts sharp rises (resonances) in elastically scattered intensity when measured as a function of particle size or scattering angle. Recent studies improved on the classical LMT and expanded it from its initially simple and uniform concept to other scenarios, including various beam shapes and particles with unique properties [31] . By comparison of the scattered intensity at a certain angle, measured as function of time, with the computed resonance structure, one can precisely determine the size of the trapped spherical particles at any given time.
In this study, we report the capture of individual diethyl phthalate and glycerol microdroplets by single-laser trapping in air, followed by Raman spectroscopic characterization. To the best of our knowledge, this is the first observation of Raman spectra from diethyl phthalate in single-droplet format. In addition to the spontaneous Raman peaks reported in bulk liquid [32, 33] , the microdroplet Raman spectrum exhibits additional features: stimulated Raman scattering (SRS) and morphology-dependent resonances also known as whisperinggallery-modes (WGMs) [16, 34] . These additional signature peaks enhance the uniqueness of characterizing a chemical fingerprint of the single microdroplet being studied [34] [35] [36] . Based on our advanced trapping technique, which can trap large particles (a few tens of micrometers versus a few micrometers) at long working distance (a centimeter versus a few micrometers) with high trapping efficiency (captures one from a few particles versus from hundreds), this newly developed laser-trapping, single-particle, Raman spectroscopic technology reported here demonstrates the potential in determining the chemical composition and particle size of airborne chemical aerosol particles.
EXPERIMENTAL AND THEORETICAL METHODS
A schematic of the experimental setup used in this study is shown in Fig. 1 . A liquid sample of diethyl phthalate or glycerol (Sigma Aldrich, 99.5% stated purity), held in a 25 mL glass bottle, was used without further purification. Microdroplets (typical size: 20-25 μm) were generated using a low-temperature drop-ondemand single-jet piezoelectric dispensing device (Microfab MJ-ATP-01, 30 μm diameter orifice), actuated by a Microfab power supply (JetDrive III controller). Computer software (JetServer4) allowed the adjustment of jetting conditions by varying the repetition rate, applied voltage, and time delays. The jetting nozzle was mounted on a 3D linear translational stage to enable spatial adjustment during the experiments.
In order to improve the trapping efficiency and robustness, the trapping system was modified into a confocal hollow trapping scheme similar to the setup described in our previous articles [26, 37, 38] . They reported the detail mechanism and force calculation [26] of this new trap design, demonstrated how to deliver particle to the trapping volume [37] , and compared various trapping configurations [38] . A single laser beam from a continuous wave (CW) Ar-ion laser operating at 488 nm with an output power ∼750 mW, was used. The original Gaussian beam was converted into a hollow beam, with a ring-shaped transverse cross section by passing through two axicon lenses (Del Mar Photonics, cone angle 175°). The horizontally propagating hollow beam was reflected to the vertical by an elliptical mirror set at 45°, propagated through an aspheric lens (with NA 0.55), and focused onto a point centered inside a containment glass cell (25 mm × 25 mm× 15 mm). Beyond the focal point, the conical beam expanded up onto a concave spherical mirror (f 19 mm, diameter 25.4 mm), reflected back to overlap with the upwardpropagating beam cone, and refocused at a second focal point aligned with the same beam axis. The concave mirror was mounted on a 2D tiltable 3D linear translational stage, and the second focal point could be independently shifted, in 3D, inside the cell. Ideal conditions would occur when the two focal points were perfectly aligned with each other with a few tens of microns separation vertically. Note that, two holes (ϕ ∼ 8 mm), at the center of the concave mirror and the glass cell, allow microdroplets ejected from the nozzle to reach the trapping area. The same trapping laser was also used as the excitation source for Raman scattering. Scattered light from the single trapped particle was collected with a microscopic objective lens (Mitutoyo, M Plan Apo HL, NA 0.42), and focused by a second lens prior to entering the spectrograph (Princeton Instruments Isoplane SCT320) through a narrow slit. A long-pass filter at the entrance of the spectrograph served to block the elastically scattered 488 nm laser light. A 1200 lines/mm grooved grating with a blaze wavelength at 750 nm was used to disperse the Raman scattered light, and the spectra were recorded by an electron-multiplying chargecoupled device (EMCCD, Princeton Instruments, ProEM) camera. Spectra were continuously recorded over a 1 or 2 min interval with a 2 s. accumulation window. Data were processed on a lab computer using the Princeton Instruments LightField software.
As shown in Fig. 1 , a portion of the collected scattered light was reflected by a dichroic beam splitter (cutoff wavelength 488.5 nm) and directed toward a photomultiplier tube (PMT), to monitor the total intensity variation of the 488 nm elastically scattered light at 90°(2°) with respect to the incident beam propagation direction, during the spectral recording period. The PMT signal was digitized with a data logger (DATAQ DI-2018 series) prior to being recorded and processed with WinDaq software. In addition, a simulated resonance spectrum was computed according to the Lorenz-Mie theory.
RESULTS AND DISCUSSION
Our experimental results showed relatively high efficiency and reproducibility in microdroplet generation and trapping. First, the trapping laser was optimized, with the uniform ring-shaped beams tightly focused and overlapping at the center of the glass cell. The jetting conditions were adjusted to match the available trapping forces at the focal point by manipulating the velocity, size, orientation, and trajectory of the microdroplets. In contrast to the classical approach relying on high concentration of particles [39] , our system was generating droplets (typical initial diameter of 20-25 μm, 4.1 ∼ 8.2 × 10 −12 L in volume) at a 1 Hz repetition rate and we were able to easily trap one in five generated particles. This approach could be very useful when working with hazardous material or in situations where sample quantities are limited from complex atmospheric environments. It supplies the potential for detection and characterization chemical aerosols continuously sampled from the atmosphere.
As shown in Fig. 2 and Table 1 , in addition to the peaks resulting from spontaneous Raman scattering observed from bulk liquid, strong transitions due to stimulated Raman scattering (SRS) process were observed at Δυ 231, 363, 387, 540, 568, 588, and 1054 cm −1 only from the droplets. Our study shows a typical example of internally seeded SRS, where spontaneous Stokes photons injected into the medium lead to the amplification of the Raman transitions by total internal reflection within the droplet. While a spontaneous Raman signal is generally weak and requires special care in optical design, stimulated Raman exhibits stronger and sharper profiles compared to bulk liquid peaks (up to ∼25 times in our experiments). Fully exploited, this phenomenon can be useful to study small frequency differences or to detect minority species in complex environments [40, 41] . Note that relative intensities of stimulated Raman scattering depend on the angle of observation. In our experiments, the collecting lens was set at 90°w ith respect to the excitation laser, and in this configuration the scattered light results from a more uniform spatial distribution within the microdroplet [11] . As demonstrated by Chak and co-workers, Raman intensities from different areas of a droplet can be spatially resolved using the image reserved spectrograph and a 2D detector [42] . However, the spectra reported in this work were accumulated across a large solid angle (NA 0.42) and vertically binned in the 2D EMCCD, so we did not consider the possible differences of Raman spectra from different angles and areas of the droplet.
Previous works [43] [44] [45] have reported the observation of "whispering-gallery-modes" (WGMs) of fluorescence and Raman scattering resonance in a microcavity due to the radiation waves propagating at the concave interface of the 
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Vol. 56, No. 23 / August 10 2017 / Applied Opticsdielectric microcavities (spheres, disks, rings) and the outer medium with a lower refractive index resulting from total internal reflection. The Raman signal can be enhanced by the input resonance when the illuminating wavelength matches a WGM, or by the output resonance when a Raman scattering wavelength matches a WGM. Double resonances contribute to very strong Raman sharp peaks, and have more opportunities to produce SRS and Raman laser emission, especially in a large microcavity with a high density of WGMs. Figure 3 shows the time evolution of Raman spectra from an optically trapped (a) DEPh and (b) glycerol microdroplet. Spectra were continuously recorded for about an hour at 1 min intervals as the particle size changed from about 20 μm to about 17 μm in diameter. During the particle shrinking period, both show their own clean consistent Raman scattering peaks in the more than 1 h recording time period, and some discrete sharp SRS peaks are observed for both materials all the time, especially strong in the 20-19 μm size range at the first 20 min spectral recording time. Figure 4 (a) presents one of these Raman scattering spectra shown in Fig. 3 from the single droplets of diethyl phthalate (black) and glycerol (red). Although the Raman spectra from the two chemicals demonstrate some peaks with similar shifts from the common C-H, C-C, and C-O bonds, they show a big distinguishable difference. It has been demonstrated that, as the microdroplet size changes, the Raman frequencies of these WGM resonance peaks are blueshifted during evaporation of the droplet and redshifted during growth of the droplet [16, 46] . As glycerol has a broad O-H stretch band, it allows us to track the frequency shift of the WGM resonance peaks more easily than that from the sharp discrete spontaneous peaks. Figure 4(b) shows the time evolution of the Raman spectra of another laser-trapped glycerol microdroplet focusing at the O-H stretch band region. These spectra were continuously recorded for 120 min at a 2 min interval as the particle size changed from about 20 μm to about 14 μm in diameter. Noticeable WGM resonance frequencies of Raman peaks shifted to the blue as the microdroplet size decreased during the evaporation process, while the spontaneous peaks kept the same frequency, such as the broad C-H peak around 2950 cm −1 . This peak shape was slightly different from time to time, resulting from the superposition of WGM peaks. Although these resonance peaks in the droplet format give additional sharp features, they do not indicate any new molecular structures. They are microcavity-enhanced effected at the particular WGM resonance frequency based on the existing spontaneous scattering bands. As we know, all these process, such as the possibilities of contaminants from air, relative index changes due to the possible accumulation of the material as vapor near the droplet from the high hygroscopic nature of glycerol, or droplet deformation, will shift the resonance peaks. However, as the resonance WGM peaks in the O-H stretch band were continuously blueshifted, we consider they are mainly resulting from the shrink of the droplet that is dominated from the evaporation process during the observing period.
In parallel to the chemical composition characterization, we were able to determine the particle size of the trapped microdroplet by profiling the intensity of the elastic scattered light as a function of time. In our experiments, the scattered light was The observed WGMs over the O-H stretch vibrational band in a portion of the Raman spectrum of a laser-trapped microdroplet of glycerol. The plot depicts evaporation over a period of 120 min, where single scans were continuously taken at a 2 min interval. The WGM peaks over the O-H stretch mode shifted to the blue as the microdroplet size decreased during the evaporation process, while the spontaneous and stimulated Raman peak frequencies were unaffected during the particle size changing process.
collected with an objective lens set at 90°with respect to the main axis of the incident beam and as predicted by the LorenzMie theory [27, 28] ; the resulting spectrum (Fig. 5 , upper panel) exhibits recurring sharp resonances peaks. The simulated spectrum (Fig. 5, lower panel) was computed at a 90°scattered angle for an unpolarized wave, using a refractive index of m 1.502. The comparison between the experimental and theoretical results shows a good agreement with respect to the variation of the scattered light intensity during the evaporation of the droplet. However, it has been noted by Preston and Reid that the resonance spectrum might be significantly affected by spatial variation of a Bessel beam or other focused radiation beams from a plane wave illumination [47] . However, the small discrepancies in relative intensities (Fig. 5) do not prevent us from particle size determination by aligning related positions of the sharp resonance peaks. Not like determining particle size from elastic scattering intensity at one or a few angles at a time, this method recording the scattering intensity as a function of time can accurately assign the droplet to only one size.
CONCLUSION
We report a Raman spectrometer system for the detection and characterization of laser-trapped single chemical microdroplets. Diethyl phthalate and glycerol microdroplets were generated using a drop-on-demand single-jet dispersing device. A single microdroplet was efficiently trapped within a single-laser trapping system and spectroscopically interrogated using Raman scattering spectroscopy. The observed Raman shift frequencies are largely in excellent agreement with those from previous works and theoretical prediction. The uniqueness of the chemical fingerprint is enhanced by the appearance of additional spectral features related to the spherical nature of the microdroplets, namely stimulated Raman scattering and WGMs. We recorded the elastic scattered light intensity at a certain angle as a function of time, during evaporation of the droplet. The resulting resonance spectrum was compared to our simulation, based on Lorenz-Mie theory, to determine the microdroplet size at any given time. As intended, the proposed method was proven to be highly reproducible and stable, a single trapped microdroplet could be held for extended periods of time depending on its volatility (from a few minutes up to several hours for less volatiles compounds). Due to its high efficiency in trapping and its precision in spectroscopic characterization, this method could be particularly suitable for detecting and characterizing hazardous substances such as chemical agents in complex atmospheric environments. Research Article
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